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INTRODUCTION 

S t r u c t u r a l  c h a r a c t e r i z a t i o n  o f  l i g n i t e s  presents  a major  chal lenge because o f  the 
extreme complex i ty  and heterogenei ty  o f  these low rank coals .  Whereas most peats 
s t i l l  con ta in  macroscopica l ly  and m ic roscop ica l l y  i d e n t i f i a b l e  p l a n t  remains, 
morphological ana lys i s  o f  l i g n i t e s  i s  much l e s s  s t ra igh t fo rward .  Moreover, r o u t i n e  
coal cha rac te r i za t i on  t e s t s  such as Free Swe l l i ng  Index o r  V i t r i n i t e  Reflectance, 
a re  l ess  r e a d i l y  a p p l i c a b l e  t o  l i g n i t e s  whereas soph is t i ca ted  spectroscopic techni -  
ques such as I R ,  NMR o r  MS tend t o  g i v e  h i g h l y  complex spect ra due t o  the  presence 
of m u l t i p l e ,  over lapping chemical components. Although combined a n a l y t i c a l  methods 
such as MS/MS, GC/MS o r  GC/FTIR are capable o f  r e s o l v i n g  and i d e n t i f y i n g  many o f  
these over lapping components, such "hyphenated" techniques tend t o  be c o s t l y  and 
r e q u i r e  time-consuming data eva lua t i on  and i n t e r p r e t a t i o n  steps thus making i t  
imprac t i ca l  t o  apply  these methods t o  l a r g e  sample se r ies .  

A novel approach capable of r e s o l v i n g  over lapping s igna ls  i n  spect ra o f  complex 
mixtures i nvo l ves  numer ica l  e x t r a c t i o n  o f  component pa t te rns  by means of f ac to r  and 
d i sc r im inan t  ana lys i s  (1). Thus f a r ,  t h i s  numerical e x t r a c t i o n  approach has been 
appl ied e s p e c i a l l y  t o  p y r o l y s i s  mass spectrometry (Py-MS) pat terns o f  coals  and 
o the r  f o s s i l  f ue l s ,  because o f  the r e l a t i v e  ease o f  numerical conversion o f  mass 
spectra (compared t o  t h e  continuous curves obta ined by I R ,  NMR o r  chromatographic 
techniques). 

The main advantages o f  combining s i n g l e  stage a n a l y t i c a l  techniques w i t h  numerical 
e x t r a c t i o n  methods r a t h e r  than  us ing "hyphenated" physicochemical techniques are: 
h igh  speed and r e l a t i v e l y  low cost .  Moreover, numerical e x t r a c t i o n  methods are 
espec ia l l y  powerful when r e l a t i v e l y  l a r g e  se r ies  o f  samples need t o  be s tud ied.  
Meuzelaar et aZ. (2) demonstrated the a p p l i c a b i l i t y  o f  t he  combined Py-MSlnumerical 
e x t r a c t i o n  approach t o  a s e r i e s  o f  over 100 coa l  samples from the Rocky Mountain 
Coal Province obta ined f rom the  Penn S ta te  Coal Sample Bank. Other, smal ler  Py-MS 
studies of coals  have been publ ished by Van Graas et aZ. ( 3 ) ,  De Leeuw et aZ. ( 4 )  
and L a r t e r  (5) .  As l i s t e d  i n  Table I ,  t he  Py-MS study repor ted here i nvo l ves  a 
se lec t i on  of  samples rep resen t ing  both U.S. coal  prov inces w i t h  major l i g n i t e  
reserves, namely the  Nor thern P la ins  Province ( 6  samples) and the  Gu l f  Province 
(16 samples). 

EXPERIMENTAL 

L i g n i t e  samples were obta ined from the Penn S ta te  Coal sample bank i n  he rmet i ca l l y  
sealed meta l  cans c o n t a i n i n g  500 g, 20 mesh a l i q u o t s  under Argon. A l l  f u r t h e r  
g r i nd ing  and s p l i t t i n g  opera t i ons  were performed under N2, f i n a l l y  r e s u l t i n g  i n  10 
mg, 300 mesh a l i q u o t s  which were subsequently suspended i n  2 1 /2  m l  of Spectrograde 
methanol. Two 5 p1 drops o f  these suspensions were app l i ed  t o  ferromagnetic wi res 
(Cur ie-point  temperature 610OC) and a i r - d r i e d  a t  room temperature under continuous 
r o t a t i o n ,  r e s u l t i n g  i n  a sample s i z e  o f  approx. 40 ug. 
preparat ion,  a l l  coated w i res  were analyzed by Cur ie -po in t  p y r o l y s i s  mass spectrom- 
e t r y  us ing an Ex t ranuc lea r  5000-1 quadrupole MS system described elsewhere (6 ) .  
PY-MS cond i t i ons  were as f o l l o w s :  
t o t a l  heat ing t ime  10 s, e l e c t r o n  energy s e t t i n g  11 eV, mass range scanned m/z 20- 
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260, scanning r a t e  2000 amu/s, t o t a l  scanning t ime 20 s. 
analyzed i n  t r i p l i c a t e  and the  r e s u l t i n g  66 spect ra were normalized us ing the  NORMA 
program (7) .  
gram package (8) and consis ted o f  f a c t o r  ana lys i s  fo l lowed by d i sc r im inan t  ana lys i s  
us ing the  11 most s i g n i f i c a n t  f a c t o r s  (eigenvalue > l ) ,  according t o  a procedure 
descr ibed p rev ious l y  by Windig et a t .  (9) .  I t  should be noted t h a t  each s e t  of 
three d u p l i c a t e  ana lys i s  was assigned a separate category number i n  the  d i sc r im in -  
ant ana lys i s  procedure, thus avoid ing the  c r e a t i o n  o f  a r t i f i c i a l  c l u s t e r s  and 
d i v i s i o n s  i n  the  data se t .  
t i o n s  were analyzed w i t h  the a i d  o f  the var iance diagram ( V A R D I A )  procedure 
developed by Windig et aZ. (10) .  
i n d i v i d u a l  component a x i s  which were then evaluated f u r t h e r  by means o f  d i sc r im in -  
ant  l oad ing  and spectrum p l o t  procedures, as descr ibed by Windig et aZ. (9). 

Each l i g n i t e  sample was 

Subsequent m u l t i v a r i a t e  ana lys i s  was c a r r i e d  out w i t h  the  SPSS pro- 

F i n a l l y ,  the f i v e  most s i g n i f i c a n t  d i s c r i m i n a n t  func- 

Th is  r e s u l t e d  i n  the l o c a l i z a t i o n  o f  a t  l e a s t  s i x  

RESULTS AND OISCUSSSION 

The p y r o l y s i s  mass spect ra of t h ree  o f  the twenty two l i g n i t e  samples a re  shown i n  
F igure 1, demonstrat ing marked d i f f e rences  i n  the  bu lk  composit ion o f  the p y r o l y -  
zates, e.g., w i t h  regard t o  hydroxyaromatic compound se r ies ,  a l i p h a t i c  hydrocarbon 
se r ies  and s u l f u r  s igna ls .  
peaks a t  m/z 234 ( re tene)  and m/z 194 (unknown biomarker) which were found t o  be 
q u i t e  c h a r a c t e r i s t i c  f o r  l i g n i t e  samples from the  Northern P la ins  and Gu l f  prov inces 
respec t i ve l y .  

Before desc r ib ing  a more d e t a i l e d  chemical i n t e r p r e t a t i o n  o f  t h e  Py-MS f i n d i n g s ,  i t  
should be pointed o u t  t h a t  chemical l a b e l s  assigned t o  peak se r ies  o r  i n d i v i d u a l  
peaks i n  F igu re  1 (as w e l l  as throughout t h i s  paper) a re  t e n t a t i v e  on ly .  Genera l ly  
these i n t e r p r e t a t i o n s  a re  based on l i t e r a t u r e  data a l though some o f  t he  chemical 
i d e n t i t i e s  are backed up by Py-GC/MS s tud ies  on the  same l i g n i t e s  (11). Another 
f a c t o r  t o  consider  when i n t e r p r e t i n g  Py-MS data on coals  i s  t he  incomplete p y r o l y -  
t i c  conversion. 
t a r  y i e l d s  f o r  h igh  v o l a t i l e  bituminous coa ls  a re  i n  the  50-60% range (12) whereas 
l i g n i t e  conversion y i e l d s  are b a s i c a l l y  unknown b u t  may w e l l  f a l l  i n  t h e  same 
range. 
e t r i c  procedures. 
o r i g i n a l  l i g n i t e  sample con t r i bu tes  d i r e c t l y  t o  the mass spectrum. 

I n  view o f  the l a r g e  number o f  spect ra obta ined and the  hundreds o f  mass peaks i n  
each spectrum, the use o f  soph is t i ca ted  data reduc t i on  and c o r r e l a t i o n  methods i s  
indispensable. 
d i sc r im inan t  ana lys i s  was app l i ed  t o  the Py-MS data s e t .  
" s i g n i f i c a n t "  d i sc r im inan t  f unc t i ons  (see Table 11). The scores o f  t he  f i r s t  two 
funct ions are p l o t t e d  i n  F igure 2, revea l i ng  a r e l a t i v e l y  good separat ion between 
l i g n i t e s  from the two d i f f e r e n t  coal provinces (on D I )  as we l l  as a d e f i n i t e  
separat ion between l i g n i t e s  from d i f f e r e n t  seams, f i e l d s  o r  reg ions  (on D I I ) .  

The nature o f  the under l y ing  chemical components responsib le  f o r  t he  c l u s t e r i n g  
behavior i n  F igu re  2 was examined by means o f  a novel, i n t e r a c t i v e  method known as 
the Variance Diagram (VARDIA) technique ( l o ) ,  which enables us t o  determine the  
optimal l o c a t i o n  o f  each major chemical component i n  d i sc r im inan t  space. 
VARDIA method has proven t o  be capable o f  e x t r a c t i n g  numerical components from 
mass spect ra o f  complex mixtures,  i n c l u d i n g  f o s s i l  f u e l  py ro l yza tes  (10). 

Two VARDIA p l o t s ,  represent ing d i sc r im inan t  f unc t i ons  I and I 1  as w e l l  as 111 and 
I V  respec t i ve l y ,  a re  shown i n  F igure 3, revea l i ng  the presence o f  a t  l e a s t  s i x  
major component axes ( l abe led  A-F) i n  t he  space spanned by these f o u r  func t i ons .  
The mass spec t ra l  pa t te rns  associated w i t h  these component axes are shown i n  
F igures 4 and 5. 

Moreover, arrows i n  F igure 1 p o i n t  t o  minor "biomarker" 

Under the  experimental cond i t i ons  employed i n  our s tudy,  est imated 

Moreover, n o t  a l l  t he  t a r  products w i l l  be detected by our  mass spectrom- 
U l t i m a t e l y ,  perhaps on ly  20-302 o f  the (d ry )  bu lk  o f  the 

As descr ibed under "Experimental",  f a c t o r  ana lys i s  fol lowed by 
This  r e s u l t e d  i n  seven 

The 

Component axes A and B (F igure 4a, b )  obv ious l y  represent  
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the two bulk components seen in the l i gn i t e  spectra,  namely hydroxyaromatic com- 
pounds and a l ipha t ic  hydrocarbon moieties. 

The nature and  origin of the hydroxyaromatic compound ser ies  becomes c lear  when 
comparing the spectral pattern of component axis A (Figure 4a) w i t h  tha t  of a 
softwood lignin model compound (Figure 4c).  
ences ex i s t  between the two spectral  patterns,  the qua l i ta t ive  s imi la r i t i es  
strongly suggest a d i r e c t  chemical relationship. 

has  also been reported in several other studies (4,6,13). 

The chemical nature and origin of the a l ipha t ic  hydrocarbon pattern in Figure 4b 
presents a more d i f f i c u l t  problem. Nevertheless, a n  intriguing qua l i ta t ive  match 
was obtained with the Py-MS pattern of Apiezon L, a high MW petroleum d i s t i l l a t e  
consisting of 67% a l ipha t ic ,  28% naphthenic and  5% aromatic hydrocarbons ( 1 4 ) .  
Since the petrographic analysis data available from the Penn State Coal data bank 
did n o t  reveal major contributions of l i p t i n i t e  macerals (see Table I ) ,  i t  may be 
assumed tha t  the hydrocarbon moieties observed by Py-MS represent maceral types 
easily overlooked by routine petrographic analysis,  e.g. ,  from exsudatinite or 
bituminite (15). 
carbons derived from algal precursors although major contributions from bacterial 
l ip ids  (16) cannot be ruled out either.  

The spectral patterns of the component axes shown in Figure 5a-c are interpreted to 
represent terpenoid resins (Figure 4a; e.g. retene signal a t  m/z 234), unknown 
biomarker compounds (Figure 5b; e.g., signals a t  m/z 194, 179 and 168) and sulfur 
moieties as well as  related marine-influenced peak se r i e s  (Figure 5c),  respectively. 

Comparison of the VARDIA plots i n  Figure 3 with the discriminant score plot in 
Figure 2 shows tha t  component axis F (representing reduced sulfur forms such as H2S 
and CH3SH) correlates most strongly with the Wildcat seam l ign i tes  from S o u t h -  
Central Texas w h i c h  a r e  known t o  have been deposited in marine-influenced, lagoonal 
environments (17). 
forms such as SO2 and CSz) a l so  correlates with the Fort Union Bed l ign i tes  of 
Montana, which lack a n  obvious marine depositional influence. 
the oxidized su l fur  forms may well represent the re la t ive ly  h i g h  i ne r t in i t e  content 
since similar correlations were noted in previous Py-MS studies of purified coal 
macerals (18). 

That the two biomarker signals a t  m/z 234 and m/z 194 a re  very charac te r i s t ic ,  
indeed, for  the two coal provinces (as a l so  indicated by a comparison of Figures 2 
and 3) i s  confirmed by the bivariate plot  in Figure 6. 
precursors (conifer r e s ins? )  of the Northern Plains province were n o t  present in 
the ancient depositional environment of the Gulf province; and vice versa. 

Finally, i t  should be mentioned t h a t  the above discussed interpretations of the 
Py-MS data were further supported by a systematic correlation with conventional 
coal characterization data (e.g. ,  petrographic analysis,  ultimate analysis,  proxi- 
mate analysis, ca lo r i f i c  value and and v i t r i n i t e  reflectance) obtained from the 
Penn State Coal Data Bank. The results of these data correlation e f fo r t s ,  e.g., 
using canonical variate analysis techniques (19), will be reported elsewhere (20). 

In conclusion, the  data analysis resu l t s  presented here confirm the f eas ib i l i t y  of 
numerical extraction of chemical components from the low voltage mass spectra o f  
extremely complex l i g n i t e  pyrolyzates. 

Although obvious quantitative d i f fe r -  

That l ignin-like p a t  erns can be 
preserved i n  pyrolysis mass spectra of foss i l  organic matter 107 to  10 Q years old 

An in te res t ing  speculation i s  t h a t  we may be dealing with hydro- 

However, component axis E (representing more oxidized sulfur 

In these l i gn i t e s ,  

Apparently, the biomarker 

202 



c 

ACKNOWLEDGEMENTS 

I 

The authors a re  indebted t o  the  Penn S ta te  Coal Sample Bank f o r  p r o v i d i n g  l i g n i t e  
samples and e s p e c i a l l y  t o  D r .  Peter Given f o r  h i s  he lp and advice i n  s e l e c t i n g  the  
p a r t i c u l a r  s e t  o f  l i g n i t e s  used i n  t h i s  study. 

The research repor ted here was supported by a development grant  from P h i l l i p s  
Petroleum Company, by U.S. Department o f  Energy Contract  #DE FG22-82PC50970 and by 
matching funds from the S ta te  o f  Utah. 

REFERENCES 

1. 

2. 
3. 

4. 

5 .  

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 
17. 

18. 

Meuzelaar, H.L.C., Windig, W . ,  Harper, A.M., Huff, S.M., McClennen, W.H., 
Richards, J.M., Science 226, 268 (1984). 

Meuzelaar, H.L.C., Harper, A.M., H i l l ,  G.R., Given, P.H., f i e 2  63, 640 (1984). 
G. Van Graas, J.W. De Leeuw, P.A. Schenk, i n  Advances i n  Organic Geochemistry 
A.G. Douglas and J.R. Maxwell, Eds. (Pergamon Press, Oxford, UK, 1979), pp. 

P.A. Schenck, J.W. De Leeuw, T.C. V ie t s ,  J .  Haverkamp, i n  Petroleum Geochem- 
i s t r y  and Ezploration of Europe, J. Brooks, Ed. (B lackwel l  S c i e n t i f i c  
Pub l i ca t i ons ,  1984), pp. 267-274. 

S.R. La r te r ,  i n  AnaZyticaZ Pyrolysis-Techniques and AppZicatims, K.J. 
Voorhees, Ed. (But terwor th,  London, 1984), pp. 212-275. 

H.L.C. Meuzelaar, J .  Haverkamp, F.D. Hileman, PyroZysis Mass Spectromety of 
Recent and FossiI BimatcriaZs-Compendium and A t Z u s  (E l sev ie r ,  Amsterdam, 
1982). 
A.M. Harper, H.L.C. Meuzelaar, G.S. Metca l f ,  D.L. Pope, i n  AnaZyticaZ 
Pyrotysis-Techniques and Applications (But terwor th,  London, 1984), pp. 157- 
195. 

Statist icaZ Package f o r  the SociaZ Sciences (SPSS), N.H. Nie e t  a t . ,  Eds. 
(McGraw-Hill, New York, ed. 2, 1975). 

W .  Windig, P.G. Kistemaker, J. Haverkamp, J .  And .  AppZ.. %roZ. 3, 199 (1981). 

Windig, W., Meuzelaar, H.L.C., A m Z .  Chem. 56, 2297 (1984). 

Nip. M., De Leeuw, J.W., Schenck, P.A., Meuzelaar, H.L.C., S tou t ,  S.A., Given, 
P.H., Boon, J.J., J .  AnaZ.  AppZ.  Pyrol.,  i n  press. 

Meuzelaar, H.L.C. McClennen, W.H., Cady, C.C., Me tca l f ,  G.S., Windig, W., 
Thurgood, J.R., H i l l ,  G.R., ACS Preprints (Diu. of Fuel Chem. ), VoZ. 29, No. 

W.L. Maters, 0. Van de Meent, P.J.W., Schuyl, J.W. De Leeuw, P.A. Schenck, 
H.L.C. Meuzelaar, i n  AnaZyticaZ PyroZysis, C.E.R. Jones and C.A. Cramers, Eds. 
(E l sev ie r ,  Amsterdam, 1977), pp. 203-216. 

Personal comnunication by B idd le  Inst ruments Inc., Blue B e l l ,  PA. 

M. Teichmuller, i n  Stach's Textbook of CoaZ PetroZogy, E. Stach e t  aZ. Eds. 
(Gebruder Borntraeger, Be r l i n ,  1982), pp. 219-294. 
Ourisson, G., A lbrecht ,  P, Rohmer, M., Sei.  Am. 251, 44 (1984). 

Kaiser, W.R., Johnston, J.E., Bach, W.N., GeoZogicaZ Circu7.m 78-4, Bureau of 
Economic Geology, The U n i v e r s i t y  o f  Texas a t  A u s t i n  (Aust in ,  TX),  1978. 
Meuzelaar, H.L.C., Harper, A.M., Pugmire, R.J., Karas, J., Coal GeoZogy 4,  143 
(1984). 

485-494. 

5, 1984, Pp. 166-177. 

203 



19. Halma, G., Van Dam, O., Haverkamp, J . ,  Windig, W . ,  Meuzelaar, H.L.C., J. 
AnaZ. A p p l .  PyroZ., i n  press. 

PSOC 
Code 

833 
838 

1084 
1087 
1090 
975 
791 
792 
414 
415 
623 
625 

1037 
1038 
427 
428 
786 
788 
421 
422 
424 
637 

2 

20. 

- 
No 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
1 8  
19 
20 
21 
22 
738 

1 - 

- 

Maceral Conc. ( %  
Seam Name (S ta te )  V i t .  I n e r t .  E x i n  

F o r t  Union Bed (MT) 74.1 23.2 1.4 
F o r t  Union Bed (MT) 81.7 16.9 1.4 
Sawyer (MT) 88.9 10.8 0.3 
Sawyer (MT) 82.5 16.3 1.2 
Sawyer (MT) 89.1 10.2 0.7 
Anderson ( W Y )  79.6 8.0 12.3 
A -P i t  (TX) 90.7 8.4 0.9 
A-Pi t  (TX) 94.7 4.5 0.8 
Darco (TX) 80.6 17.5 1.9 
Oarco (TX) 
Darco (TX) 
Darco ( T X )  
Unnamed (TX) 
Unnamed (TX) 88.1 10.8 1.1 
Unnamed (TX) 90.6 8.1 1.3 
Unnamed (TX) 94.5 3.7 1.8 
Unnamed (TX) 87.0 12.0 1.0 
Unnamed (TX) 91.6 7.9 0.5 
Wi ldca t  (TX) 87.7 10.9 1.4 
Wi ldca t  (TX) 88.7 10.1 1.2 
Wi ldca t  (TX) 90.7 6.1 3.2 
Wi ldca t  (TX) 83.8 14.6 1.6 

3 5 6 

Metcal f ,  G.S., Windig, W., H i l l ,  G.R., Meuzelaar, H.L.C., t o  be publ ished.  

TABLE I 
CONVENTIONAL LIGNITE CHARACTER1 ZAT I ON DATA 

83.4 14.1 2.5 
81.0 17.2 1.8 
83.3 15.2 1.5 
86.5 13.1 0.4 

U l t i m a t e  Anal. (X) 

c , !  2 1: 

70.0 4.60 1.29 23.7 
71.3 4.74 1.08 22.3 
71.5 4.84 1.01 22.2 
71.0 4.75 1.00 23.0 
71.9 4.66 0.99 22.1 
73.0 5.18 0.99 20.3 
72.3 5.39 1.20 20.2 
72.7 5.61 
73.0 5.31 
73.6 5.66 
74.8 5.26 
74.1 4.89 
73.1 5.31 
73.6 5.02 
72.9 5.37 
73.3 6.02 

.18 19.6 

.37 19.3 

.45 18.4 

.32 17.6 

.30 18.1 
-62 18.9 
.65 18.5 
.24 19.2 
.28 18.0 

73.4 5.12 1.34 18.9 
73.5 5.46 1.20 18.7 
71.6 5.83 1.34 19.4 
75.5 5.86 1.39 15.6 
73.7 6.05 1.22 17.6 
74.8 5.28 1.32 16.6 

l l - d a f  

TABLE I1 
DISCRIMINANT ANALYSIS RESULTS 

I 
I 1  
111 

O i  sc r im i  nant  Re1 a t i  ve Canonical* 
Funct ion Eigenvalue Percentage C o r r e l a t i o n  

341 .O 61.3 .999 
124.0 22.3 .996 

23.6 4.3 .979 
38.2 6.9 .9a7 

I V  
V i6.i 2.9 .970 
V I  8.8 1.6 .948 
VI1 2.5 0.5 .845 

% S  
( tg ) - 
0.64 
1.34 
0.60 
0.23 
0.35 
0.48 
0.99 
0.97 
1.14 
0.89 
1.35 
2.38 
1 .16 
1.39 
1.61 
1.79 
1.44 
1.15 
2.63 
2.03 
2.08 
2.75 

i 

* w i t h  11' o r i g i n a l  f a c t o r s  
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a) PSOC 1087-SAWYER SEAM 

t meihorvpharos 

b) P S K  415-DARCO SEAM 
(east Texas) 

mR 

Figure 1. 
senting the Northern Plains province ( a )  and the G u l f  province (b and c).  
the re la t ive ly  high abundance of hydroxyaromatic se r ies  in ( a )  compared t o  the 
more prominent a l ipha t ic  hydrocarbon ser ies  in ( b )  and (d) .  Further note the 
marked su l fur  compounds in ( c )  and  the small biomarker signals (arrows a t  m/z 234 
and 194 in ( a )  and ( b ) ,  respectively. 

Low voltage pyrolysis mass spectra of three selected l i gn i t e s  repre- 
Note 

k 
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a) COMPONENT AXIS A 
110 124 (softwood lignin pattern) 

IO - 

5 -  138 

;? 164 
.. .. 94.-1pa 

64* 
30 
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b) COMPONENT AXIS 8 
(aliphatic hydrocarbon pattern) 

t 
W 
1 c) SPRUCE LIGNIN 

(model compound) 

d) APIEZON L 
(model compound) 

Figure 4. Comparison o f  the numerically extracted discriminant "spectra o f  com- 
ponents A (a) and B (b) with the pyrolysis mass spectra o f  two model 
compounds (c and d). Mass peak intensities not optimally represented 
on the component axes are indicated by asterisks. Arrows point to an 
aliphatic carboxylic acid serl'es in (b). 
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a) COMPONENT A X 6  C 
(terpenoid resin pattern) 

retene 
I O  

- 0.5 
L 

0)  .- 
g o  
u- w 

b) COMPONENT AXIS D 
(unknown biomrker pattern) 
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C) COMPONENT AXIS E (tF9 
(marine influence pattern) 

40  60 80 KX) 120 140 160 180 ZCO 220 240 260 

Loading ( c o r r e l a t i o n  c o e f f i c i e n t )  p l o t s  represent ing components C-F i n  
F igure 3. 

rnh 

Figure 5. 
F o r  explanat ion,  see t e x t .  
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F igure 6. 
marker peak i n t e n s i t i e s  a t  m/z 
234 ( re tene)  and m/z 194 (unknown 

/' biomarker) showing the  p e r f e c t  
d i s c r i m i n a t i o n  between the  two 
U.S. coa l  provinces. For sample 

Sca t te r  p l o t  o f  b io -  
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m/z 194 (unknown biomarker; %total ion int.) 
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